ABSTRACT. The local collection characteristics of grain interiors and grain boundaries in thin film CdTe polycrystalline solar cells are investigated using scanning photocurrent microscopy. The carriers are locally generated by light injected through a small aperture (50-300 nm) of a near-field scanning optical microscope in an illumination mode. Possible influence of rough surface topography on light coupling is examined and eliminated by sculpting smooth wedges on the granular CdTe surface. By varying the wavelength of light, nanoscale spatial variations in external quantum efficiency are mapped. We find that the grain boundaries (GBs) are better current collectors than the grain interiors (GIs). The increased collection efficiency is caused by two distinct effects associated with the material composition of GBs. First, GBs are charged, and the corresponding built-in field facilitates the separation and the extraction of the photogenerated carriers. Second, the GB regions generate more photocurrent at long wavelength corresponding to the band edge, which can be caused by a smaller local band gap. Resolving carrier collection with nanoscale resolution in solar cell materials is crucial for optimizing the polycrystalline device performance through appropriate thermal processing and passivation of defect and surfaces.
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Effective, high-efficiency and low-cost photovoltaics represent the "holy grail" technology to successfully eliminate our dependence on fossil fuels. Thin-film polycrystalline materials are attractive for manufacturing of low-cost PV modules, but improvements in efficiency are still required to ensure cost competitiveness. In particular, CdTe/CdS heterojunction solar cells are the leading technology in the thin-film PV market today. This success is primarily based on the inherently simple and low-cost deposition method used to produce these modules with manufacturing cost as low as $0.6/W.
1,2
Despite having similar optical properties, polycrystalline thin-film CdTe devices consistently show lower Voc when compared, for example, to GaAs single crystal solar cells which hold a record Voc = 1.122 V 2 (for both direct bandgap materials Eg = 1.4 eV and absorption coefficient  ≈ 3.0×10 4 cm -1 to 9.0×10 4 cm -1 at 650 nm). This lower performance is primarily caused by the high-density of non-radiative recombination centers within polycrystalline CdTe. The Voc of the best CdTe solar cells is currently limited at 0.86 V, which is considerably below the theoretical predictions 3, 4 , leading to an efficiency of 18.7 %. 2, 4 For large area modules, the current Voc record is 0.90 V, with an efficiency record of 16.1 % under global AM1.5 illumination.
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The polycrystalline CdTe absorber layer in a PV device is composed of grains ≈1 μm in diameter, as shown by the scanning electron microscopy (SEM) image for a p-type CdTe layer in CdTe grains, which have been shown to introduce electronic states within the band gap and, consequently, significant trap-assisted recombination and/or band bending. 6 Recently, it has been shown that during the conventional CdCl2 chemical treatment used to improve the devices 7, 8 Cl atoms replace Te which also leads to local band bending. 6 For a p-type material, these gap states (or 'trap states') are spatially localized and trap holes, resulting in an accumulation of positive charges p at the boundaries (as represented in Fig SOM-2) .
The highest Voc reported for CdTe solar cells, 0.86 V to 0.91 V 9 , was achieved by using single-crystalline p-CdTe, instead of a polycrystalline layer. The significant lowering of [qVoc] in polycrystalline CdTe is caused by a leakage (or shunt) current when a PV diode is forward biased (e.g. Fig. 1(c) ), which can be partially associated with the device micro/nanostructure and the presence of the GBs. Therefore, measuring the electrical properties of the GBs and the GIs exposed to different chemical treatments that passivate the CdTe layer has been the emphasis of multiple studies aiming to increase Voc (>1.0 V) and improve device performance. Here, we use scanning photocurrent microscopy (SPCM) to image the local electronic properties of CdTe solar cells. We spatially and spectrally resolve the photocurrent distribution and the EQE within the CdTe polycrystalline layer of the solar cell while mimicking the power density operation conditions of real devices. Possible topography effects are addressed by sculpting shallow-angle wedges on the originally rough CdTe grains. The use of the wedge geometry also offers a pathway for spectroscopic photocurrent tomography of the device through assembling and quantifying photocurrent maps at different wavelengths and absorber thickness.
We find that the GBs are consistently better current collectors compared to GIs. At short wavelengths (< 600 nm), when light is absorbed near the exposed surface, the EQE is relatively small because of surface recombination. However, we find that the GBs significantly outperform the GIs due to built-in field facilitating the separation and extraction of electrons and holes. This result also suggests that non-radiative recombination at well-passivated GBs is relatively small.
Close to the material bandgap (860 nm) the EQE enhancement at the GBs is found to be ×1.5.
The latter effect can be attributed to the higher absorption at the GBs due to smaller bandgap caused by compositional variations.
RESULTS and DISCUSSION 
Where h is Plank's constant, c is the speed of light in vacuum, q is the electronic charge,  is the excitation wavelength, I is the generated photocurrent, and P is the incident power, or photon flux. The generated current I and the incident power P are determined directly from the photocurrent measurements and power source calibration, respectively.
In order to characterize the collection characteristics of the CdTe layer, we spatially and spectrally map the EQE of the GBs, GIs and the grain sides (GSs) over a broad region of the spectrum, as shown in Figures 5 and SOM-5. The GSs have a topography distinct from GIs caused by the remarkable height variation of the CdTe grains. The EQE map for  = 850 nm displayed in Figure 5 (a) show significant spatial variations. The average EQE (Fig. 5(b) , grey solid line) was determined by integrating over the scanned area of 10 x 10 m 2 . At short wavelengths (≈500 nm) the GBs demonstrate nearly two-fold enhancement in collection efficiency when compared to the average EQE for the scanned area. The average EQE is limited by surface and bulk recombination as light is absorbed far from the p-n junction of the device.
For 600 nm to 750 nm, the EQE is steadily increasing, reaching ≈30 % with no significant difference between the GBs, the GSs and the GIs. The contrast between the GIs, as well as GSs, and GBs emerges again near 800 nm, and remains nearly unchanged even as the EQE rapidly diminishes at the bend edge.
In general, there are two main contributing processes that must be taken into account in analyzing the SPCM measurements. The first process is the light absorption and carrier generation, which varies as a function of the wavelength of the incident light. The absorption volume increases at longer wavelengths with a sharp increase at the wavelength corresponding to the band edge. The second process is related to carrier recombination. Recombination losses can be very different near the exposed surface (surface recombination), neutral region of CdTe absorber, depletion region and near the metallurgical p-n junction. The photocurrent contrast between GSs and GIs at different wavelengths can originate from different contributions. The GS and GI most likely share similar chemical composition, but different topography. The contrast in the current signal behaves alike the GIs; no significant difference was found between these two situations. The relative EQE enhancement (defined here as the enhancement over the spatial average) at the GBs for short wavelengths (λ < 600 nm, Figure 5 (c)) is likely a direct consequence of the local built-in electric field facilitating the carrier separation and, therefore, competing with the recombination (both recombination in "neutral" region of CdTe and surface recombination). This mechanism of the enhancement of photocurrent at the GBs has been reported and discussed in electron-beam induced current experiments 35 6 and in previous NSOM experiments. 29, 36 For 600 nm < λ < 800 nm, the difference between light injection to the GBs and GIs and GSs is insignificant. There, the excitation volume is larger and the contrast averages out.
Close to the CdTe bandgap, despite an even larger excitation volume, light injection at the GBs results in a larger photocurrent, and the EQE is enhanced at the boundaries by ≈50%. The contrast enhancement is clearly associated with proximity of the excitation energy to the band gap: the onset of the contrast enhancement as a function of the wavelength is rather sharp, and the contrast remains strong even as the overall photocurrent decreases significantly at longer wavelengths. We suggest that the measured photocurrent enhancement at GBs in this wavelength range is caused by an increase in absorption relative to the GIs. This means that the band gap at
GBs is effectively smaller due to accumulation of impurities and defects, as previously suggested by Smith et al. 37 As expected, beyond the material bandgap (λ > 860 nm) the EQE decays rapidly, and the light-generated photocurrent can be eventually associated with trap stated within the CdTe band gap.
The strong contrast of the photocurrent enhancement at the GBs and its peculiar dependence on the excitation wavelength allowed us to identify two distinct mechanisms for the observed enhancement. In general, a meaningful comparison of photocurrent maps measured at different wavelength is a complicated problem. On one hand, local spectroscopic measurements could be sensitive to the variation of composition and spatial distribution of electronic states such as defects and traps. However, at the same time the sampled volume is changing in accordance with the absorption coefficient, affecting the averaging and the spatial resolution. Additionally, in a PV device, both the recombination and the collection efficiencies vary strongly with the penetration depth toward the p-n junction. Shaping a thin-film PV device in a wedge structure as described above, by gradually varying the thickness of absorber and the distance between the surface and the p-n junction, can offer more opportunities for a three-dimensional spectroscopic tomography of different volumes and interfaces of PV devices with high spatial resolution. For example, the spatial resolution at = 532 nm is limited by the absorption length at ≈100 nm, and the SPCM measurements of thinner areas of the wedge can enable high-resolution mapping of properties within the depletion region and close to the metallurgical p-n junction (see Figure   SOM -6) . Such measurements can help identify the recombination and leakage mechanism related to material inhomogeneity that currently limits the Voc in thin-film PV materials. We have observed that for a short wavelength (e.g. =532 nm), the spatially averaged EQE increases descending down the wedge. This is expected since the generation volume is approaching the depletion region with higher collection efficiency. Correspondingly, the maximum in EQE shifts to shorter wavelengths (see Figure SOM-6 ). However, further study is needed to more quantitatively relate the spatial variation of the SPCM signal with specimen thickness and determine effects of the wedge fabrication on surface recombination.
CONCLUSIONS
Summarizing, we mapped and quantified the photocurrent generated by CdTe/CdS solar cells GBs and GIs under different illumination conditions by means of nanoscale-resoled SPCM.
CdTe wedges were milled and measured to exclude possible artifacts caused by surface topography on coupling of the near-field localized light source. A photocurrent tomography of the CdTe layer was built by spectrally resolving the light-generated current, which consistently showed that the GBs are more efficient current collectors compared to GIs. The nanoscale resolution maps of the EQE inferred from the photocurrent scans revealed that at short wavelengths (λ < 600 nm) the GBs outperform the GIs by more than a factor of two, independent of the grain orientation. Surprisingly, close to the material bandgap the difference in EQE was less than 1.5.
We further demonstrated that SPCM of the sample in wedge geometry can be used to probe the photoelectronic properties of critical device volumes such as depletion region and p-n junction with high-spatial resolution. EQE variation at these interfaces helps identify the mechanisms, which limit thin-film PV device efficiency. 
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